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This is pretty rare: 
Model development paper featured in Eos …

Eos = the science news 
magazine published by AGU



Outline (of paper/talk) 
Theoretical energetics/budgets (section 2)
Start with the dry hydrostatic primitive equations (HPE) and gradually increase the thermodynamic complexity by first adding water 
vapor and then condensates to the HPE. Special attention is given to the derivation of enthalpy terms (and associated reference 
states), latent heat terms and surface flux terms. For these models, a detailed explanation of the approximations made in 
large-scale models can be included rigorously. An in-depth discussion is included of surface fluxes and the complications arising 
due to falling precipitation and/or water entering the atmosphere using a single-component fluid approach.

Energy (existing & missing) budget terms of a climate model (section 3)

-  Example: budget in NCAR’s CAM (Community Atmosphere Model)/CESM (Community Earth System Model)

Energy budget errors (section 4)
- Numerical truncation energy errors in dynamical cores (adiabatic). (see Lauritzen and Williamson, 2019)
- Physics–dynamics coupling errors due to spatial and temporal discretization errors. (see Donahue & Caldwell, 

2020, Lauritzen and Williamson, 2019)
- Thermodynamic inconsistency energy errors in physics:

 ̊ As an illustration we discuss a specific example in some detail: coupling the CLUBB cloud parameterization 
  package with the CAM climate model.

-  Thermodynamic and vertical coordinate inconsistencies between dynamical core and parameterizations:
* different  vertical coordinates (see Lauritzen et al.,  in prep,  for z-based MPAS coupling with p-based CAM)
* different enthalpy definitions (e.g., FV3/SE coupled with CAM)

-  Mass “clipping” errors and energy



Some remarks on how to define 
energy in a model

Total energy conserved by the governing equations of motion and associated thermodynamics we 
refer to as fluid equations of motion energy: 

However, the fluid equations of motion and the thermodynamics are usually approximated. 

For example, the fluid equations of motion may make the 

● hydrostatic assumption 
(neglects non-hydrostatic motion, breaking gravity waves and 3D turbulence) 

● neglecting individual momentum equations for hydrometeors, and making the single 
temperature assumption, so that all components of moist air have the same temperature. 

=> Total energy may be divided into           and the energy associated with all motions and 
processes (such as radiation) not represented in the fluid equations of motion,



Some remarks on how to define 
energy in a model

In addition to this prior argument for the continuous equation of motion, there is an even more 
complex problem:

We must homogenize (i.e., average) processes smaller than about 50–100 km in operational 
climate models, and roughly 0.5–3 km for cutting edge convection-permitting global models:

Things now become complicated and less well understood. This topic, though immensely important, 
is not the main focus of this presentation!

Note: most models do NOT have a sub-grid-scale reservoir of energy!

See introductory discussion in Appendix A



Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Total energy equation 
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Then it can be shown that the following globally integrated total energy equation holds:

Total energy equation 

Here we assume that moist air is composed of

(in our geospace configuration dry air is species dependent) which can be divided into gases and condensates

It is convenient to also define the set of water species in air
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Note: formulated on a dry (not specific) mixing ratio basis
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Then it can be shown that the following globally integrated total energy equation holds:

Total energy equation 

For notational simplicity the 
radiation and turbulent/sensible 
heat fluxes are combined into one 
term (radiation is a divergence of 
radiative fluxes and should be on 
the left-hand side of equation …)

Note: formulated on a dry (not specific) mixing ratio basis



Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Total energy equation 

The total energy equation contains vast amounts of information and things get complicated fast … so 
let’s start by discussing the different terms and how they manifest in a model …

Note: formulated on a dry (not specific) mixing ratio basis



No phase changes and globally integrated water species are conserved:

So we end up with:

Total energy equation: Dynamical core 

Next: a couple of 
remarks on local 
energy and associated 
ambiguities



No phase changes and globally integrated water species are conserved:

So we end up with:

Total energy equation: Dynamical core 
Please note that the upper boundary condition affect energy formula. E.g., 
for constant volume and constant pressure model the energies conserved are different:

The latter equation can be integrated by parts Pressure work at model top



No phase changes and globally integrated water species are conserved:

So we end up with:

Total energy equation: Dynamical core 
Please note that the upper boundary condition affect energy formula. E.g., 
for constant volume and constant pressure model the energies conserved are different:

The latter equation can be integrated by parts

The integrand is not local 
energy per unit mass!

Hence this equation only 
holds globally and NOT 
locally!

Integrand is local energy 
per unit mass!

Also note that the energy 
flux is 

even though the energy 
density is



For the following discussions/observations the time-change of water species ℓ is separated into local phase
changes and changes associated with water entering or leaving the column

Phase changes and falling precipitation

Figure: note that in the model we assume that the 
cloud moves with the single velocity and has single 
temperature; once falling precipitation is formed the 
process is no longer explicitly described by the fluid 
equations of motion energy

Let’s start with phase changes!



The temperature change associated with latent heat release should locally at each grid point satisfy

which leads to a closed energy budget:

Energy and phase changes

Note that total 
water is 
conserved 
during phase 
changes

-> so kinetic 
and 
geopotential 
terms do not 
change 
during phase 
changes!

Next: falling precip/evaporation



For falling precipitation / evaporation the latent heat terms on left and right-hand side exactly cancel:

Latent heat flux: When, for example, water evaporates from the ocean the atmosphere gains energy (and 
mass) which is compensated for by ocean cooling due to the latent heat flux. Hence, this process occurs 
without any net change in the total energy of the coupled system. 

Energy (latent heat terms) and falling precipitation



For falling precipitation / evaporation the latent heat terms on left and right-hand side exactly cancel:

Similarly for reference temperature terms (physically the reference temperature does not matter!)

Energy (reference T & enthalpy) and falling precipitation



For falling precipitation / evaporation the enthalpy:

The enthalpy terms should not necessarily cancel: WHY?

Energy (enthalpy) and falling precipitation



Note that the enthalpy terms should not necessarily cancel (as was the case for the latent heat terms): 
The falling precipitation is formed away from surface and we do not rigorously represent processes as 
the water falls to the ground so the temperature with which precipitation hits the ground is ambiguous 
(in models). Similar argument for the kinetic energy terms associated with falling precipitation …

Enthalpy and falling precipitation



Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Kinetic energy 



Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Kinetic energy 
Sources and sinks of momentum (e.g., gravity wave parameterization, boundary layer turbulence 
schemes or other drag parameterizations) affect kinetic energy, and enforcing total energy 
conservation in their presence is not straightforward due to its interaction with sub-grid-scales. 

WARNING

We would like to point out that a “naive” closure of the energy budget by transferring kinetic 
energy change into heat is, in general, not physically correct

WHY?



Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Kinetic energy 

Frictional terms due to the vertical 
mixing of horizontal momentum
(represented as stress tensor):



Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Total energy equation 

So far we have only discussed the continuous equations …
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Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Now also assume that the energy equation is valid for grid mean values in the model 
(QUESTIONABLE ASSUMPTION! No sub-grid reservoir of energy …)

Total energy equation 
In the following we will focus on the Physics (Parameterization) Vertically Integrated Energy Budget 

Since there is no exchange of energy / transport between columns (column physics!), the energy equation 
should hold in each physics column 

Note: The dynamical core redistributes energy but locally yields vanishing long-term time average of energy.

Hence we can look at column integrated energy budgets: I am going to show 1 year averages of the total 
energy budget imbalance or energy terms in each physics column.



Assume:

- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Now also assume that the energy equation is valid for grid mean values in the model 
(QUESTIONABLE ASSUMPTION! No sub-grid reservoir of energy …)

Total energy equation 

Now to some assumptions typically made in global models!



Assume:
- Primitive equations (hydrostatic, shallow atmosphere, ideal gas)
- Assume model top pressure is constant 
- All components of moist air have the same temperature and move with the same horizontal velocity
- Assume that water entering the atmosphere (evaporation, snow drift, sea spray) has same temperature and 

velocity as water leaving the atmosphere (dew, liquid and frozen precipitation) Just for notational simplicity!

Then it can be shown that the following globally integrated total energy equation holds:

Now also assume that the energy equation is valid for grid mean values in the model 
(QUESTIONABLE ASSUMPTION! No sub-grid reservoir of energy …)

Simplified total energy equation 

Many models
make these
assumptions:

E.g. FV3 and NCAR-SE 
use variable latent heats 
and CAM physics not -> 
leads to 0.5W/m2 
imbalance (Lauritzen 
and Williamson, 2019)

Equivalent to 
assuming constant 
latent heats!

This might be CAM specific: 

Total water is assumed constant during physics updates!

Notation:



The total energy of suspended 
condensates is small … that said, 
error will grow with increased 
resolution …

Henceforth we assume that 
pressure/density incl. water 
although in CAM it only includes 
dry air and water vapor

FYI: in the process of adding all 
water to pressure/density in CAM

Figure: 1-year average column integrated total energy tendency for physics only.



Each parameterization in CAM 
physics satisfied this equation
(we have a check in the code!)



This might be CAM specific: 

Total water is assumed constant during physics updates!

At the very end of physics total water is updated to reflect changes 
in total water due to falling precipitation and evaporation (called 
dry-mass adjustment in the code!); 

The energy change associated with this is compensated for by a 
global energy fixer through a global temperature increment



Updating water (pressure) in physics





Let’s have a look at the enthalpy, PHIS and kinetic energy flux 
terms that we neglected (using lowest model level T and K)



Let’s have a look at the enthalpy, PHIS and kinetic energy flux 
terms that we neglected (using lowest model level T and K)



Challenging problems for implementing enthalpy flux in models:

From an energy perspective it is problematic to consistently 
represent rain from the point at which it becomes falling precipitation: 
frictional dissipation (Pauluis et al, 2000),drag exerted by rain,       . 

Note: it is possible to consistently incl. frictional dissipation of rain by 
using barycentric velocity framework 
(see Appendix F in Lauritzen et al, 2022)

In a coupled climate model the enthalpy fluxes need to be passed to 
ocean, ice and land components (in the case of CESM the land 
component can NOT easily receive an enthalpy flux)

CAM assumes dry latent heats whereas MOM6 ocean model uses 
variable latent heats, i.e. CAM has to switch to variable latent heats 
to be consistent with MOM6!



(a) Imbalance for processes not involving falling precip. & evap. (b) Imbalance for falling precip. & evap.



Outline (of manuscript) 
Theoretical energetics/budgets (section 2)

Energy (existing & missing) budget terms of a climate model (section 3)

-  See Oksana Guba’s talk (for the purpose of this discussion E3SM and CAM are the same!)

Energy budget errors (section 4)
- Numerical truncation energy errors in dynamical cores (adiabatic). (see Lauritzen and Williamson, 2019)
- Physics–dynamics coupling errors due to spatial and temporal discretization errors. (see Donahue & Caldwell, 

2020, Lauritzen and Williamson, 2019)
- Thermodynamic inconsistency energy errors in physics:

 ̊ As an illustration we discuss a specific example in some detail: coupling the CLUBB cloud parameterization 
  package with the CAM climate model.

-  Thermodynamic and vertical coordinate inconsistencies between dynamical core and parameterizations:
* different  vertical coordinates (see Lauritzen et al.,  in prep,  for z-based MPAS coupling with p-based CAM)
* different enthalpy definitions (e.g., FV3/SE coupled with CAM)

-  Mass “clipping” errors and energy

Summary and future directions

So far we have discussed missing terms in the energy budget …. Now to other errors …



An example: Coupling CLUBB with CAM (problem identified by Chris Golaz in 2010)

Thermodynamic conserved variable 
inconsistency leading to total energy errors 

(152) in terms of T and integrated in vertical
Assuming no 
surface fluxes
and K changes in 
CLUBB



Thermodynamic conserved variable 
inconsistency leading to total energy errors 

CAM’s conserved variable (only terms relevant to CLUBB 
retained and excl. kinetic energy and surface fluxes)

CLUBB’s conserved variable

An example: Coupling CLUBB with CAM (problem identified by Chris Golaz in 2010)

Parameterization

Host model



1-year column averaged imbalance using CAM (CESM)

To make CAM physics with CLUBB 
pass the energy budget checks in 
CAM, the implementers chose to 
add a temperature increment in 
each column to compensate for 
thermodynamic/energy 
inconsistency!

(similarly for kinetic energy)



1-year column averaged imbalance using CAM (CESM)

To make CAM physics with CLUBB 
pass the energy budget checks in 
CAM, the implementers choose to 
add a temperature increment in 
each column to compensate for 
thermodynamic/energy 
inconsistency!

(similarly for kinetic energy)



Summary of energy errors

● Dynamical core total energy errors can be large (∼0.1–1 W/m 2) at large-scale model resolutions (∼1°; Lauritzen & 
Williamson, 2019). Errors are expected to decrease as horizontal/vertical resolution increases

● Temporal physics–dynamics coupling errors (where tendencies are added throughout the dynamical core time
loop) can be large (∼0.4 W/m 2, Lauritzen & Williamson, 2019)

● Physics–dynamical errors due to the fact that the energy associated with the continuous equations of the
dynamical core is different than the energy of the physics (e.g., due to different a-principio approximations)
can be large when the dynamical core uses variable latent heats and physics does not (∼0.5 W/m 2, Lauritzen
& Williamson, 2019).

● Enthalpy tendencies associated with falling precipitation and water entering the atmosphere are large
(∼0.3 W/m 2) when using constant latent heats and even larger (∼1.1 W/m 2) when using variable latent heats.
Locally, the errors can be orders of magnitude larger. This error, in general, is not expected to decrease with
increased resolution. In fact, larger water contents at higher resolution may make the issue worse. 

● Kinetic and potential energies associated with falling precipitation (and evaporation or other forms of water 
entering the atmosphere) are small (∼<0.02 W/m 2).

● Errors associated with not including all forms of water in pressure/mass are small (∼<0.01 W/m 2). Local errors 
could increase with increased resolution as the water content locally is larger at higher resolutions. 

● Thermodynamic inconsistency errors in parameterizations: These imbalances are, of course, specific to the 
inconsistency in question. For example, we showed that the inconsistency between CLUBB using moist potential 
temperature θl as its conserved variable and CAM using enthalpy leads to ∼0.4 W/m 2 imbalance.



Future directions

Nearer term directions:

● Incl. enthalpy flux in coupled climate models (some challenges remain!)
● Move to variable latent heats in physics (many dycores already use variable latent heats)
● Carefully study/understand assumptions in individual parameterizations and host models

Longer term direction:

Global models are moving away from shallow atmosphere, hydrostatic formulations. As this transition is made, it 
becomes increasingly tedious and error-prone to ensure that fundamental physical principles are satisfied.

● Rather than working at the level of the equations of motion, a more powerful approach is to instead work with a
geometric mechanics formulation

● Structure-Preserving Discretizations
● Thermodynamic Potentials

A warning to CCPP (Common Community Physics Package): we have to be careful importing new physics 
schemes into host models without carefully examining thermodynamic/energetic consistency



National Center for Atmospheric Research is a major facility sponsored by the NSF under Cooperative Agreement No. 1852977



Thermodynamic inconsistency in sensible heat flux in 
CAM-CLUBB

Sensible heat flux should 
be scaled with Exner - was 
not done in CAM
(fixed now!)



Thermodynamic inconsistency in sensible heat flux in 
CAM-CLUBB


